Lanthanide halide alloys have recently enabled scintillating gamma ray spectrometers comparable to roomtemperature semiconductors (< 3% FWHM energy resolutions at 662keV). However brittle fracture of these materials hinders the growth of large volume crystals. Efforts to improve the strength through non-lanthanide alloy substitution, while preserving scintillation, are being pursued. (HfBr 4 ) 0.01 were prepared. All of these alloys exhibit bright fluorescence under UV excitation, with varying shifts in the spectral peaks and intensities relative to pure CeBr 3 . Further, these alloys scintillate when coupled to a photomultiplier tube (PMT) and exposed to 137 Cs gamma rays. These data and the potential for improved crystal growth will be discussed.
INTRODUCTION
Lanthanide halide scintillators have proven to have impressive scintillation qualities useful for room-temperature gamma-ray spectroscopy applications. Light yields, decay times, and proportionality of response are all areas in which this family of scintillators excels. Unfortunately, these ionic crystals exhibit very limited and anisotropic plasticity and brittle fracture; both of which play a key role in limiting the availability of the material.
Three methods for strengthening materials are commonly used. Particle strengthening relies on elastic strain effects to impede dislocations in the crystal lattice. Particles in a scintillator would scatter and/or absorb light though, degrading scintillation performance. Mechanical work hardening is a second common method used to harden a material. Unfortunately, lanthanide halides are too brittle for this method to be practicable. Thus solid-solution hardening has the greatest potential for strengthening these materials.
Alloying ionic crystals through cation replacement can be done in two ways. The first, isovalent alloying, replaces the cation with a like-valence cation of differing ionic radius. For instance, the Ce 3+ cation in CeBr 3 could be replaced with Y 3+ . A much more potent method is aliovalent alloying, which replaces the cation with one of different valence. In this case, the Ce 3+ cation could be replaced with Cd 2+ or Zr 4+ . Of the two methods available, aliovalent alloying appears to be advantageous, since much lower levels of doping are required, and this seems less likely to interfere with the scintillation process. In aliovalent alloys, the doping levels necessary to increase stress strength by an order of magnitude are in the 100 -500 ppm range [1] . Alternatively, substitution levels for an isovalent alloy are on the order of 10 -30 mol % to achieve the same strengthening effect [2] .
Scintillating materials can be very sensitive or insensitive to impurities. Certain ions can "kill" the scintillation mechanism, even at very low concentrations. For instance, Ce-doped lutetium pyrosilicate scintillates very well when grown by the melting zone technique, but is quenched when grown by the Czokralski method. Further investigation showed that the small amount of Ir 4+ ions introduced into the melt by the crucible in the Czokralski grown material was the culprit [3] . It is well known that Ce-doped tungstates and vanadates do not scintillate. The multiple stable valances of W and V effectively quench the Ce-activated mechanisms. In fact, it is generally true that the presence of any ions with multiple valences is harmful to a Ce-activated material [4] .
This study was undertaken to identify agents to strengthen the lanthanide halide lattice without negatively impacting the scintillation properties. To that end, several isovalent and aliovalent dopants have been initially screened for use as strengthening agents for cerium bromide (CeBr 3 ). Each prepared alloy was screened on basic properties, such as presence of scintillation and emission spectra. These were simple tests conducted solely to determine whether the presence of the strengthening agents "killed" the scintillation in CeBr 3 . Those alloys passing the initial screens will be further investigated in future work. A detailed description of the initial investigation and results are presented here.
THEORETICAL CONSIDERATIONS
Lanthanide halide scintillators form hexagonal crystals in the uranium (III) chloride prototype structure, which is characterized by 9-fold coordination of the cation, low c/a ratio, and open channels along the c axis. These materials are very brittle, and fracture by perfect cleavage along the prismatic planes, orthogonal to the c or basal plane. Analysis of this structure indicates dislocation formation energies and mobilities on these same prismatic planes are highly favored relative to basal plan slip; that is, the slip and cleavage planes are identical. This structure is therefore highly susceptible to cracking during crystal growth and subsequent detector fabrication.
Growth of lanthanide halide crystals is typically accomplished through melt growth type methods. Failure of the lattice due to critical flaws introduced by plastic strain is most likely during growth due to the required thermal gradients. The problem is exacerbated by anisotropy in the thermal expansion coefficient that is considerably larger in the [10·0] directions than in the [00·1] or c direction. Along the c-axis, thermal expansion occurs rather slowly at 7.5x10 -6 °C -1 , while expanding far faster along the a-axis at approximately 28.1x10 -6 °C -1 . This anisotropy in thermal expansion results in the formation of significant shear stresses on the prismatic [00·1] planes whenever a thermal gradient is applied more than 10° off the c-axis, causing dislocation generation and motion. This in combination with the propensity to cleave along slip planes has been the chief impediment in achieving the necessary availability and cost of large, high efficiency spectrometers. A remedy to this problem is therefore to inhibit dislocation motion through solid-solution hardening.
Isovalent Alloying
Isovalent alloying introduces spherically symmetric distortions in the lattice due to differences in radii between the host lattice and the solute cation. These stress fields interact with dislocations effectively pinning them in place. However, the interaction energy between the solute atom and the dislocation is relatively weak in comparison to the non-symmetric tetragonal distortions caused by aliovalent solute cations. The maximum interaction energy for spherically symmetric distortions between a solute atom and a dislocation can be estimated as
where υ is Poisson's ratio, G is the bulk modulus of the host, r is the ionic radius of the solvent atom and ε b is a measure of the relative size difference between the solvent and solute atoms [5] . A clear proportional dependence of the strengthening effect on size difference can be seen from this relationship. From this relationship, one can observe that solute atoms of greater size difference will induce a greater strengthening effect in the host lattice. From this relationship, it would seem the ideal isovalent alloy should contain a solute with the greatest possible difference in ionic radius. Unfortunately, greater size differences can create other problems.
Pauling's first two rules describe how the size difference between a cation and an anion relate to coordination number of the crystal they form. Specifically, the radius ratio between the cation and anion, ρ = r + /r -, is the parameter used to predict the coordination number of a crystal. CeBr 3 crystallizes in 9-fold coordination and has a radius ratio of 0.518 with Br -.
Therefore, to maintain phase stability in the alloy, a solute atom of sufficient size to form 9-fold coordination must be used. Otherwise, formation of light absorbing secondary phase particles is likely to occur. Despite Pauling's predictions, CeBr 3 does not meet the requisite radius ratio (0.710 ≤ ρ ≤ 0.799) to form a stable 9-fold symmetry, but clearly does in nature. Thus it seems difficult to predict what minimum radius ratio is necessary to maintain the 9-fold symmetry in CeBr 3 without forming a secondary phase. Table 1 lists Pauling's empirical ionic radii and the resulting radius ratio for several trivalent cations. These cations were chosen for investigation as they represent a wide range of radius ratios that will provide information about the minimum tolerable radius ratio in the CeBr 3 lattice before secondary phase precipitates form. No trivalent ions are appreciably larger than Ce 3+ , thus strengthening with the possible trivalent cations larger than Ce 3+ would be negligible. As noted before, strengthening effect is proportional to the difference in solute and solvent ion size. Thus, one might expect Al 3+ to strengthen CeBr 3 more efficiently than Y 3+ assuming 9-fold coordination is maintained. Phase stability will ultimately limit what minimum radius ratio can be added before secondary phases form.
Aliovalent Alloying
The addition of any foreign element to a scintillating system can, of course, degrade or alter scintillation performance. Since CeBr 3 already exhibits superior scintillation characteristics, it is preferential that the alloying element(s) used for strengthening not degrade the scintillation properties. Aliovalent alloying provides an excellent method by which the lattice can potentially be strengthened without altering the scintillation properties by any appreciable amount. Aliovalent alloying is orders of magnitude more "potent" that isovalent alloying. Using a basic approximation, solid solution strengthening based solely on lattice distortions due to some small concentration of dopant can be estimated as
in which G is the shear modulus and c is the concentration of solute in atomic fraction and γ is a proportionality constant [5] . For spherically symmetric distortions, like those found in isovalent alloying, γ typically takes on values significantly smaller than unity, somewhere on the order of 10 -4 to 10 -6 . However, for tetragonal lattice distortions, like those created from solute atoms of a different valence, γ is nearly unity. Therefore, we find that aliovalent alloying is far more effective for a given concentration of solute. As noted previously, it has been seen in practice that ~250ppm of Y 3+ in CaF 2 increases the critical resolved shear stress (CRSS) strength by an order of magnitude [1] . However, it requires ~20% KBr addition to KCl to improve alloy CRSS by an order of magnitude [2] .
The estimate in (2), however, only accounts for strengthening effects due to lattice distortion, not the electrical interactions between an aliovalent atom and the charged ions that are dislocations in an ionic material like CeBr 3 . Unfortunately, prediction of the magnitude of this electronic effect is difficult and is still a topic of research. The electronic effect is expected to be less than that provided by the tetragonal distortion, but still an important part of the overall strengthening effect an aliovalent solute would have on the host lattice [5] . constituted the set of tetravalent cation dopants investigated. The process used for preparing and screening these alloys is described below.
EXPERIMENTAL PROCEDURE

Sample Preparation
Small 400mg to 600mg samples of each alloy as well as a control sample of pure CeBr 3 were prepared in a glove box purged with nitrogen by first weighing out the necessary masses of each component in bead or powder form. Actual masses weighed are given in Table 1 . The powders were then placed in 13cm long, ¼" OD quartz tubes with the bottom ends previously flame sealed. The quartz tubes were then sealed, in turn, onto a vacuum system with an Ultra-Torr fitting, evacuated to less than 1x10 -3 Torr and flame sealed approximately 1-2" above the powder. At this point, the sample powders were completely sealed under vacuum in small quartz tubes and ready for melting.
The samples were place upright in a bench top tube furnace and rapidly heated to 950°C, just above the highest melting point of all the component compounds. The samples were held at temperature for 12 hours to homogenize the alloys, then quickly cooled back to room temperature at 1°C/min. The finished samples were noted to be very polycrystalline. 
Photo excitation tests
Fluorescence and excitation spectra were acquired for all samples. Prior to measuring the emission spectra, the samples were all placed under a black light lamp and visually observed for fluorescence. The fluorescence emission spectra were then collected for each sample using a Horiba Jobin Yvon FluoroMax-3 fluorimeter. Each sample was excited at 240nm while emission was scanned from 250 nm through 750 nm. Excitation spectra were also collected by measuring the emission at 390 nm as the excitation spectrum was scanned from 200 nm to 380 nm.
Scintillation Testing
The samples were placed approximately 2cm above a bialkali photomultiplier tube (PMT) inside a light tight electronics box. The air gap between the samples and the PMT photocathode was unavoidable due to both sample geometry and PMT housing geometry. Output of the PMT was input into an Ortec 142A preamplifier for further signal amplification. The signal was then routed to a Canberra 2020 spectroscopy amplifier for pulse shaping. Pulse height analysis was accomplished by utilizing a LeCroy 6050 oscilloscope. The oscilloscope was configured to measure and log the height of each voltage pulse. A
137
Cs gamma-ray check source placed above the sample on the outside of the light tight enclosure was used to excite the scintillation in the samples. Due to the polycrystallinity of the samples, recognizable gamma-ray spectra were not expected.
EXPERIMENTAL RESULTS
Little difference was found in fluorescence and scintillation performance between the control sample and most of the alloys. It was noted that the fluorescence of the Y 3+ and Sc 3+ samples had a distinct yellow-green color while the Pb 2+ sample fluoresced an orange-red color. These three samples were the only alloys investigated to clearly fluoresce differently than the blue color of the CeBr 3 control sample. The results of the fluorescence measurements and the scintillation testing are given below.
Photo excitation results
Fluorescence and excitation spectra were acquired for all samples. Prior to measuring the emission spectra, the samples were all placed under a black light lamp and visually observed for fluorescence. Obvious changes in the fluorescence could be seen in many of the samples, as seen in the figure below. The fluorescence emission spectra were then collected for each sample using a Horiba Jobin Yvon FluoroMax-3 fluorimeter. Each sample was excited at 240nm while emission was scanned from 250 nm through 750 nm. Excitation spectra were also collected by measuring the emission at 390 nm as the excitation spectrum was scanned from 200 nm to 380 nm. Clear evidence of altered fluorescence was seen in some of these spectra, eliminating those dopants from consideration as strengthening agents. For example, Pb as anticipated for variable oxidation state ions is seen to drastically alter the color under UV illumination, and shift the fluorescence spectrum.
Fig. 1 Appearance of doped CeBr3 samples under UV illumination
Differential Thermal Analysis
In addition to the scintillation testing, a representative alloy of the aliovalent alloy group was tested for multiple phases using differential thermal analysis (DTA). The Ce 0.9 Ga 0.1 Br 3 sample was heated at 10°C/min from room temperature to 785°C. During the heating, the temperature of the sample was measured continuously as was a reference temperature.
The difference between the sample and reference temperature is plotted below as a function of reference temperature.
As anticipated, introduction of the much smaller cation resulted in evidence of multiple phases melting at low temperatures relative to the parent CeBr3. Thus any strength gained by additions of Ga would likely be accompanied by scattering and alteration of the scintillator performance. We thus reasonably expect all cations with radii less than or comparable to Ga(III) to be eliminated, as these will likely not maintain the 9-fold coordination required for the uranium chloride structure.
Fig. 2
Differential thermal analysis results of Ce 0.9 Ga 0.1 Br 3 aliovalent alloy. Presence of the multiple endothermic features between 100°C and 300°C indicate that multiple phases are forming within the alloy, clearly undesirable in a scintillator as the precipitated phases would tend to scatter and/or absorb light.
Scintillation Test
The collected scintillation spectra are shown in figures below. Peak Height (V) Fig. 6 Pulse height spectra of the Al 3+ and Ga 3+ isovalent alloys investigated plotted against the control CeBr 3 sample spectrum. Background has been subtracted from each spectrum. Fig. 7 Pulse height spectra of the In 3+ isovalent alloy investigated against the control CeBr 3 sample. Background has been subtracted from each spectrum. Peak Height (V) Fig. 8 Pulse height spectra of the Group IVB tetravalent alloys investigated. Background has been subtracted from each spectrum.
CONCLUSIONS
The addition of features to the emission spectra of CeBr 3 were observed for a few alloys, particularly the alloys doped with Y
3+
, Sc 3+ , and Pb 2+ . Each of these alloys exhibited additional fluorescence in the visible and/or infrared regions as measured with the fluorimeter. However, only the Pb 2+ alloy showed a significant decrease in scintillation relative to the control sample. Besides the reduced photocathode response for this spectrum, this low signal may be caused by a REDOX quenching mechanism created by the introduction of the Pb dopant which can form two stable valences, Pb 2+ and Pb 4+ .
All other alloys initially appear to have possibly improved scintillation. However, this phenomenon could be due to a number of factors not related to total light yield. It may be possible that the alloys were less polycrystalline due to a higher strength, thus reducing the internal light scattering and absorption due to grain boundaries. It is also possible that the control sample was particularly poorly coupled to the PMT during measurement, thus reducing the amount of light being measured by the system. Nevertheless, it has been confirmed that these alloys do scintillate.
Those samples showing a shift or change in fluorescence, as well as those are found to contain multiple phases will then be eliminated will be eliminated as these are likely an indicators that scintillation properties have been altered. Future work will focus on single crystal samples produced by Kansas State University. Those alloying agents remaining will be further investigated by growth of single crystals. Total light yields, decay constants, and light proportionality are all scintillation measurements that will be performed on single crystals of alloys after confirming the level of strengthening has been sufficiently achieved through various mechanical measurements.
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